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SUBSTRATE AVAILABILITY AND SELECTIVITY CONTRIBUTE TO
MICROHABITAT SPECIALIZATION IN TWO CENTRAL AMERICAN
SEMIAQUATIC ANOLES

NicHoLAs C. HERRMANN'

ABSTRACT. Both substrate availability and animal selectivity can contribute to patterns of animal substrate use.
In the West Indies, where Anolis lizard ecomorphs are specialized for particular microhabitats, the relative influences
of availability and selectivity on anole substrate use can change depending on the species and its location. Whether
substrate availability and selectivity both contribute to microhabitat specialization in anoles outside the West Indies
1s largely unexplored. Two species of Central American semiaquatic anoles appear adapted for locomotion on
different substrates—Anolis oxylophus on wood and leaves and Awnolis aquaticus on rocks. I evaluated the
contributions of substrate availability and selectivity to microhabitat specialization in these two species by comparing
their substrate use to substrate availabilities in their stream macrohabitats. Both species selectively avoided the
ground and perched instead on elevated substrates, yet the available elevated substrates differed between streams.
Specifically, wood was most abundant in streams occupied by A. oxylophus, and rocks were most abundant in
streams occupied by A. aquaticus. As is true with several West Indian anole ecomorphs, both substrate availability
and selectivity contribute to microhabitat specialization in A. oxylophus and A. aquaticus.

KEy worps: lizard; habitat use; perching behavior

INTRODUCTION and Schmitt, 2007). Some animals demonstrate
selectivity by altering their behavior to use only
a narrow subset of available substrates in their
habitat, whereas others have a greater breadth
of substrate use that more closely reflects
habitat-wide availability (Irschick and Losos.
1999). Even among close evolutionary rela-
tives, differences in substrate availability be-
tween habitats and in animal selectivity within

Substrate type affects the locomotion of
numerous animal taxa, including snakes (Kel-
ley et al., 1997), lizards (Vanhooydonck et al.,
2005; Tulli et al., 2012; Kolbe et al., 2016),
terrestrial mammals (Lammers, 2007), and
arboreal primates (Cartmill, 1974; Lemelin
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habitats can contribute to ecological and
morphological disparity between taxa.
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Lizards in the genus Anolis, or anoles, are
evolutionarily closely related but can differ
substantially in patterns of substrate use. In
the West Indies, replicated adaptive radia-
tions on Cuba, Hispaniola, Puerto Rico, and
Jamaica have produced similar groups of
habitat specialists, termed ‘“‘ecomorphs”
(Williams, 1972, 1983; Losos, 2009). Eco-
morph species are morphologically and
behaviorally adapted for locomotion in
particular structural microhabitats (e.g.,
trunk-ground, trunk-crown, twig, grass-
bush). For example, trunk-ground anoles
have relatively long hindlimbs well-suited for
sprinting on broad surfaces, whereas twig
anoles have relatively short limbs which
confer balance on narrow perches (Losos
and Sinervo, 1989). About 80% of anole
species in the Greater Antilles belong to an
ecomorph class, with the other 20% having
evolved a combination of morphology and
ecology not replicated on other islands
(Losos, 2009; Mahler et al., 2013).

Although West Indian ecomorphs are
broadly defined by how they partition
structural microhabitats, the patterns of
substrate use exhibited by specialized anoles
are not driven solely by selectivity. For
example, a comparison of four species at
one site in the Bahamas found that relative
to the suite of available substrates, the trunk
specialist Anolis distichus was selective with
respect to perch diameter, length, and angle
of inclination, whereas three other micro-
habitat specialists (trunk-ground, Anolis
sagrei; trunk-crown, Anolis carolinensis;
twig, A. distichus) were selective for only a
subset of measured perch characteristics
(Mattingly and Jayne, 2004). A comparison
of two ecomorphs across multiple sites 1in
Puerto Rico revealed additional complexity.
The trunk-ground specialist Anolis gundlaclii
showed similar patterns of selectivity for
perch diameter, angle, and visibility across
sites, whereas the grass-bush specialist Anolis
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krugi was selective about perch visibility at
some sites but not at others (Johnson et al.,
2006). Additionally, neither species was
selective with respect to all three measured
perch characteristics. Thus, the relative
importance of substrate availability versus
selectivity in anoles appears to depend on
both species and location. However, our
understanding of how substrate availability
and selectivity contribute to microhabitat
specialization in anoles is limited mostly to
West Indian ecomorphs (e.g., Schoener,
1975; Mattingly and Jayne, 2004; Johnson
et al., 2006; but see Pounds, 1988). These
habitat specialists represent only one-quarter
of the approximately 400 anole species that
have been described (Losos, 2009).
Semiaquatic anoles, which live exclusively
near streams and will sometimes enter water
to feed or to escape a threat (Meyer, 1968;
Campbell, 1973; Fitch, 1973; Savage, 2002),
do not closely match any West Indian
ecomorph in ecology and behavior. Nonethe-
less, they appear specialized for locomotion
on particular substrates. Of the 11 semiaquat-
ic anoles that have been described, five species
are found in Central America. These Central
American species are similar to each other in
size, limb length, and tail morphology (Leal et
al., 2002). They are also convergent in these
traits with West Indian trunk-ground anoles,
suggesting that they are morphologically
adapted for locomotion on low, wide perches
within their streamside habitats (Leal et al.,
2002). Yet despite their broad morphological
similarities, some Central American semi-
aquatic anoles differ substantially in their
substrate use. In particular, Anolis oxyloplius
perches predominantly on leafy or woody
vegetation and seldom on rocks (<8% of
observations on rocks, Vitt et al., 1995; 0%
on rocks, Munoz et al., 2015), whereas A.
aquaticus perches predominantly on boulders
and rock walls (56.7% of observations,
Munoz et al., 2015). Furthermore, Munoz et
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Figure 1.

al. (2015) found that these species differ in
two morphological traits not measured by
Leal et al. (2002): claw shape, which affects
clinging ability on rocks (Zani, 2000), and the
ratio of fore- to hindlimb length, which 1s
relatively large in many specialized climbers
(Cartmill, 1985; Vanhooydonck and Van
Damme, 2001). With its shorter claws,
relatively longer forelimbs, and relatively
shorter hindlimbs, A. aquaticus appears to
be specialized for climbing on rocks, partic-
ularly when compared to A. oxvlophus. This
microhabitat specialization may be due to
substrate availability, substrate selectivity by
lizards, or both.

The goal of this study was to evaluate two
non-mutually exclusive explanations for
patterns of microhabitat specialization 1n
A. oxviophus and A. aquaticus: First, I tested
whether streams occupied by these species
differ in their relative substrate availabilities.
The species exhibit little to no geographic
overlap (Savage, 2002). Second, I assessed
whether either species selectively uses or
avoids different substrates (seasu Johnson,
1980). Specifically, I tested whether, relative
to the substrate’s availability, either species
shows a bias toward perching on its most
commonly used substrate—wood for A.
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Anolis oxylophus at La Selva Biological Station (left, photo by Christian Perez) and Anolis aquaticus at
Las Cruces Biological Station (right, posed).

oxylophus and rocks for A. aquaticus. 1 also
tested whether either species selects against
perching on the ground. Anoles are predom-
inantly sit-and-wait foragers and spend
much of their time surveying their surround-
ings from elevated perches (Losos, 2009). As
a consequence, both ground avoidance and
affinity for a non-ground substrate may
contribute to patterns of substrate use m A.
oxylophus and A. aquaticus.

METHODS

Study sites

I conducted this study at two forests in
Costa Rica, each occupied by one species of
semiaquatic anole (Fig. 1). 4. oxv/ophus. the
stream anole, was studied from January 9 to
I1. 2016, in two shallow streams in the
lowland wet forest of La Selva Biological
Station (10°26'N, 83°59'W: 35 m above sea
level). Anolis aguaticus, the water anole. was
studied from January 19 to 21, 2016. in three
shallow strecams in the premontane wet forest
of Las Cruces Biological Station (8°47'N,
82°57'W: 1.200 m above sca level). Along
cach strcam 1 established a 60-140-m tran-
sect where anoles were relatively abundant.



In total, the study area in each forest
consisted of 240 m of stream transect.

Lizard substrate use

I conducted visual encounter surveys
along stream transects on warm, sunny days
between 0700 and 1700 hours, searching for
lizards perched above the stream or within 1
m of the stream’s edge, where the vast
majority of individuals of both species perch
(Vitt et al., 1995; Eifler and Eifler, 2010). I
collected data only on lizards sighted mo-
tionless from a distance of 3 m or greater to
avoid including individuals responding to
my presence. For each lizard, I recorded
perch substrate type (woody, leafy, rocky, or
ground) and, when possible, perch location
along the transect, estimated relative to
streamside markers that were placed every
10 m. I then attempted to catch each lizard
to record its sex and measure its snout-to-
vent length using digital calipers. The sex of
some juvenile lizards could not be confident-
ly identified. Across all streams I captured 75
lizards and spotted but could not capture an
additional 21. Substrate use was recorded for
all 96 lizards, 43 A4. oxylophus and 53 A.
aquaticus. All captured lizards were marked
dorsally with a streak of nontoxic paint to
avoid recapturing the same individual re-
peatedly. I noted whether uncaptured lizards
were adult or juvenile based on their size,
and any unmarked, similarly sized lizards
subsequently observed within 10 m of that
spot were excluded from the data set.

Substrate availability

To quantify substrate availability in
stream transects, [ divided transects into
10-m long segments, established a randomly
placed plot within each segment, and mea-
sured available substrates in each plot. Each
plot spanned 2 m of stream length and the
entire stream width, plus 1 m of ground on
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both banks. Thus, all plots were 2 m long but
differed in width to standardize the area of
bank at 4 m” per plot. Within each plot I
measured the length, width, and height of
every possible lizard perch up to a height of 1
m, which encompassed almost all perch
heights published for individuals of both
species (Vitt et al., 1995; Eifler and Eifler,
2010; Mufioz et al., 2015; this study).
Substrate categories (woody, leafy, rocky,
and ground) were chosen to allow compar-
ison with the only published study to
quantify substrate use in both species (Mun-
oz et al., 2015). I used the following criteria
to define woody, leafy, and rocky perches:
woody stems and logs with diameter of at
least 1 cm, leaves above the ground and
stream surface with dimensions of at least 5
X 12 cm, and rocks with dimensions of at
least 4 X 7 X 1 cm. These criteria correspond
to the smallest perches used by adult lizards |
observed, suggesting that perches with these
dimensions were available to lizards of all
sizes. I also noted each perch’s location (in
the stream versus on the bank) and general
orientation (e.g., for a log, whether it was
lying flat or standing upright).

After data collection, I converted length,
width, and height measurements to surface
areas for each perch. For woody perches, 1
considered all exposed surface area within
the plot to be available for perching, because
[ encountered several lizards hanging from
the underside of horizontal branches and
logs. For leaves, I considered only the top to
be available for perching, again in accor-
dance with my observations of lizard behav-
ior, and treated each leaf as an ellipse. For
rocks, I considered all exposed surface area
available for perching and treated each rock
as the upper hemisphere of an ellipsoid. To
quantify the available ground area, 1
summed the cross-sectional area of wood
and rocks laying directly on the bank and
subtracted this value from 4 m®, the total
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area of bank in each plot. Having not
measured leaves lying directly on the ground,
this calculation of ground area does not
distinguish between bare ground and ground
covered by fallen leaves. In other words,
“ground” 1 this study encompasses both
exposed ground and ground covered by leaf
litter.

Spatial scales for lizard substrate selectivity

Johnson (1980) distinguished between
“selection,” the process in which an animal
chooses a resource, and “‘preference,” the
likelthood that a resource will be selected if
offered on an equal basis with others. The
current study was designed to measure
substrate selection, not preference, because
substrate availabilities were not manipulated
to be equal.

Assessments of resource selection must
consider spatial scales that are ecologically
relevant for the organisms under study
(Manly et al., 2007). In this study, one scale
for substrate selection 1s a lizard’s close
vicinity (hereafter, “local scale™), represented
by what a lizard perched on compared with
the availability of substrates in 1ts nearest
habitat plot. However, this might not be the
only scale at which substrate selection
occurs. Two marked individuals in my study,
one from each species, were re-sighted
approximately 24 hours after initial capture
at a location at least 10 m away from their
original spot. A mark-recapture study on
two other species of Central American
semiaquatic anoles similarly found that some
individuals move frequently and over dis-
tances of several meters (Campbell, 1973).
Therefore, | also considered the possibility
that lizards could select a particular segment
along a stream transect based on its available
substrates (hereafter, “stream scale™). Lizard
substrate selectivity at the stream and local
scales was evaluated separately.

MICROHABITAT SPECIALIZATION IN TWO SEMIAQUATIC ANOLES

Analyses

To test whether streams occupied by these
species differ in their relative substrate
availabilities, I compared streams between
La Selva (A. oxylophus, n =24 plots) and Las
Cruces (A. aquaticus; n = 24 plots). I used
Student’s ¢ tests to compare stream width
and the proportional availability of each
substrate (arcsine transformed). Proportion-
al substrate availabilities in a habitat are
necessarily dependent, because habitats that
differ in their relative availability of one
substrate inevitably differ in at least one
other. Therefore, four separate 1 tests, one
for each substrate, were not statistically
independent, and adjusting significance val-
ues for multiple comparisons in this situation
may be overly conservative. Below, I report
unadjusted P values for these ¢ tests and
highlight when results become nonsignificant
with sequential Bonferroni correction for
multiple comparisons (Holm, 1979).

To test whether either species selectively
used or avoided different substrates, I
compared lizard substrate use with substrate
availability at two spatial scales: the stream
scale and the local scale (see the section
“Spatial scales for lizard substrate selectivi-
ty”). At both scales, male, female, and
unsexed juvenile lizards were pooled because
they did not differ in substrate use for either
species (chi-square test of independence:
A. oxviophus. y* = 8.35, df = 6, P = 0.21:
A. aquaticus: y* = 6.06. df = 6, P =0.42). In
two streams containing A. aquaticus, precise
perch location along the transect was un-
known because lizards were sighted before
the establishment of meter markers. There-
fore, substrate selection analyses were con-
ducted only on the three streams i which
each lizard could be confidently assigned to
the nearest plot with known substrate
availabilities—two streams for 4. oxviophus
(STR400 and STRS800) and one stream for



A. aquaticus (CULV). The two streams
containing A. oxylophus were analyzed sep-
arately because they were not identical in
substrate availabilities, and a single species
may exhibit different selection biases as the
availability of resources changes (Johnson et
al., 2006; Manly et al., 2007).

At the stream scale, I evaluated lizard
substrate selectivity by testing for a relation-
ship between the availability of particular
substrates in a stream segment and the
number of lizards found in that segment. In
other words, were lizards more common in
stream segments with certain substrates? |
matched each sighted lizard to its nearest
plot with known substrate availabilities,
resulting in a lizard count for each plot.
Separately for each stream, I used Poisson
regression with a single predictor variable to
test for a relationship between lizard count
and the availability of a particular substrate.
I fitted two models in each stream, one for
lizard count against the relative availability
of ground and another for lizard count
against the relative availability of the most
commonly used substrate for each species:
wood for A. oxylophus and rock for A4.
aquaticus. This process of testing for corre-
lations between lizard count and substrate
availability does not quantify substrate
selection in the strict sense (sensu Johnson,
1980) because it does not directly compare
proportions of substrate use to proportions
of substrate availability. Instead, it is a proxy
for substrate selection predicated on the
assumption, previously discussed, that liz-
ards could select to inhabit a particular
stream segment based on its available
substrates.

At the local scale, I evaluated lizard
substrate selectivity by comparing actual
lizard substrate use to null distributions
created using computer simulations. Each
simulation started with lizards placed along
a stream transect to match the exact loca-
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tions where lizards were actually sighted.
Simulated lizards were then assigned a perch,
with the probability of each lizard perching
on a particular substrate equal to the
availability of that substrate in the lizard’s
closest plot. Because lizard locations along
the stream were fixed to match empirical
data, selection at the stream scale was
effectively held constant, and simulated
substrate assignments represented selection
at only the local scale. I ran 20,000 simula-
tions for each stream and stored the results
to generate a distribution of lizards assigned
to each substrate. These distributions repre-
sented the null hypothesis that lizards perch
on a substrate in proportion to its local
availability. To test whether lizards selective-
ly chose or avoided a particular substrate, I
compared the number of lizards sighted on
the substrate in each stream to the simulated
distribution of lizards assigned to the sub-
strate. P values were calculated as the
percentage of simulations that matched
lizard substrate use data or exceeded it in
extremity. All tests were one-tailed based on
the following predictions about substrate
selectivity: A. oxylophus 1s biased in favor
of wood, A. aquaticus 1s biased in favor of
rock, and both species are biased against
ground.

When testing for resource use selectivity, it
1s possible to detect simultaneously multiple
statistically significant selection biases, be-
cause overuse of one resource relative to its
availability necessarily implies underuse of
another and vice versa. To evaluate the
relative strength of simultaneously detected
selection biases, I conducted a second round
of simulations in which I removed the
statistically significant substrates one at a
time and tested for the persistence of
selection bias in the other substrate. For
example, 1f 4. oxviophus showed biases both
in favor of wood and against ground, I ran
two additional simulations: one with wood
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TABLE I LIZARD SUBSTRATE USE PROPORTIONS POOLED ACROSS STREAMS FOR BOTH SPECIES AND A COMPARISON WITH
OTHER STUDIES.
A. oxylophus A. aquaticus
This Study, Vitt et al. 1995, Munoz et al. 2015, This Study, Munoz et al. 2015,
Substrate n=43 n =287 n =26 n=2>53 n =30
Woody, % 70 59 52 32 27
Leafy. % 9 21 40 4 13
Rocky, % 5 0 40 57
Ground, % 16 21 8 24 3

entirely removed and another with ground
entirely removed. I reduced the lizard sample
size in each of these second round simula-
tions to match the number of lizards sighted
on the substrates being considered. Continu-
ing with the A. oxylophus example, second
round simulations addressed the following
two questions:

1. Among A. oxylophus that did not use the
ground, was there a bias in favor of
wood?

2. Among A. oxylophus that did not use
wood, was there a bias against the
ground?

To estimate the probabulity of type Il error
when the null hypothesis was not rejected, I
conducted a post hoc power analysis given
three different effect sizes for lizard selection
bias (Cohen’s /: 0.2 = small, 0.5 = medium,
0.8 = large; Cohen, 1988) with sample size
equal to the number of lizards sighted and
alpha = 0.05. 1 performed all statistical
analyses using R version 3.2.2 (R Develop-
ment Core Team, 2015). Data and annotated
R scripts are available on GitHub (Her-
mann, 2016).

RESULTS

The substrate use of both species in this
study was broadly consistent with patterns
reported in previous studies (Table 1). In
particular, 4. oxylophus was seen predomi-
nantly on woody and leafy perches and

seldom on rocky perches. In contrast, A.
aquaticus was seen most frequently on rocks.

The streams occupied by each species
differed in their substrate availabilities.
Without correction for multiple compari-
sons, streams inhabited by A. oxylophus had
relatively more wood (146 = 2.07, P =0.043),
less rock (746 =—8.70, P < 0.001), and more
ground (t46 = 3.78, P < 0.001) than streams
inhabited by A. aquaticus (Fig. 2). The
difference in wood availability became non-
significant with sequential Bonferroni cor-
rection (P = 0.087). Streams inhabited by
each species did not differ in leaf availability
(146=0.20, P=0.84) or in stream width (746 =
1.00, P =0.32).

Lizard substrate selectivity was analyzed
at two spatial scales: the stream scale and the
local scale. Analyses at both scales required
matching each sighted lizard to its nearest
plot with known substrate availability. The
distance between a sighted lizard and its
nearest plot ranged from 0 m (lizard was
sighted directly in the plot) to 8 m. The mean
distance within a stream ranged from 1.64 to
4.37 m (Table 2).

At the stream scale, the availability of
ground m a plot did not correlate with the
number of lizards sighted closest to that plot
for either species (STR400: Z = 0.14. P =
0.89: STR800: Z=-0.30. P=0.76: CULV: Z
= 1.19, P = 0.23). For A. oxviophus. the
availability of wood in a plot did not
correlate with the number of lizards sighted
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Figure 2. Comparison of substrate availability based on surface area in streams inhabited by Anolis oxyloplius

and Anolis aquaticus (n =24 habitat plots for each species). Error bars represent 95% confidence intervals. * P < 0.05
unadjusted; not significant with sequential Bonferroni correction. *** P < 0.001 unadjusted; still significant with

sequential Bonferroni correction.

in either stream (STR400: Z=0.53, P =0.60;
STR800: Z = 0.18, P = 0.86). For A.
aquaticus, the availability of rocks in a plot
correlated positively with the number of
lizards sighted (B=31.72, Z=2.23, P=0.03).

At the local scale, both species exhibited
selection bias against the ground and toward
either wood (A4. oxylophus) or rocks (A.
aquaticus; Table 3). Additional simulations
were run with each of these substrates
removed to test for the persistence of
selection bias in the other. With the favored
non-ground substrate removed from the
analysis (wood for A. oxylophus and rocks
for A. aquaticus), both species were still
biased against perching on the ground in all
streams (P < 0.01 for both species). On the
other hand, with ground removed from the
analysis, the biases toward wood (A4. oxy-
lophus) and rocks (A. aquaticus) disappeared
(P > 0.35 for both species). Among tests that

failed to reject the null hypothesis of
substrate use being equal to substrate avail-
ability, the probability of type II error varied
considerably, ranging from 3% (CULV:
large effect size) to 95% (STR400: small
effect size; Table 3).

DISCUSSION

Two Central American semiaquatic ano-
les, A. oxylophus and A. aquaticus, exhibit

TABLE 2. THE NUMBER OF LIZARDS SIGHTED AND THE
MEAN DISTANCE BETWEEN LIZARDS AND THEIR CLOSEST PLOT
IN EACH STREAM WHERE SUBSTRATE SELECTION WAS

ANALYZED.
No. of = Mean Distance
Species Stream Lizards to Plot (m)
A. oxylophus ~ STR400 22 4.37
STR800 21 1.86
A. aquaticus CULV 28 1.64
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TABLE 3.

MICROHABITAT SPECIALIZATION IN TWO SEMIAQUATIC ANOLES

RESULTS OF COMPUTER SIMULATIONS USED TO EVALUATE SELECTION BIAS IN LIZARD SUBSTRATL USE AT THE LOCAL

SCALE. WHEN THE NULL HYPOTHESIS OF SUBSTRATE USE EQUAL TO SUBSTRATLE AVAILABILITY WAS NOT REJECTED, THE
PROBABILITY OF A TYPE Il ERROR WAS CALCULATED ASSUMING THREE DIFFERENT EFFECT s1ZES (COHEN's #7=0.2. 0.5, 0.8).

Probability of Type 1l Error
at Different Effect Sizes

Substrate  No. of
Species Stream  Excluded Lizards H, P Small Medium Large
A. oxvioplus STR400  none 22 select against ground  <0.001 —
select for wood <0.001 — — —
wood 14 select against ground 0.003 — — —
ground 16 select for wood 0.359 95% 86% 64%
STR800  none 21 select against ground <0.001 — - —
select for wood <0.001 — — —
wood 4 select against ground 0.009 — — —
ground 20 select for wood 0.462 81% 45% 30%
A. aquaticus CULV none 28 select against ground  <0.001 — — -
select for rocks 0.047 — — -
rocks 16 select against ground 0.003 — — —
ground 22 select for rocks 0.420 78% 30% 3%

broadly similar morphologies adapted for
locomotion on low, wide perches (Leal et al.,
2002). However, they are substantially dif-
ferent in their use of particular substrates—
A. aquaticus 1s observed most often on rocks,
whereas A. oxylophus seldom perches on
rocks (Vitt et al. 1995; Munoz et al., 2015;
this study). Slight differences in claw mor-
phology and relative imb length between the
species suggest that A. aquaticus 1s indeed a
rock specialist (Munoz et al., 2015), yet
ecological and behavioral reasons for this
substrate specialization had not been inves-
tigated before this study. I evaluated two
non—mutually exclusive explanations for
substrate specialization in A. oxyloplus and
A. aquaticus:

1. Stream macrohabitats occupied by these
species differ in their relative substrate
availabilities.

2. One or both of these species selectively
use or avoid different substrates.

Results from this study provide some
support for both explanations. Streams with
A. oxylophus had almost no rocks, whereas
in streams with A. aquaticus, rocky surfaces

were the most abundant non-ground sub-
strate. However, ground was the most
commonly available substrate in all streams,
a pattern that contrasts sharply with sub-
strate use in these species, neither of which
was observed on the ground often (Table 1).
Consequently, differences in stream macro-
habitat can only partly explain patterns of
substrate use in A. oxylophus and A. aqua-
ticus, suggesting that substrate selection is
also responsible. Indeed, A. aquaticus was
more numerous in stream segments with a
higher proportion of rocky surface area.
Furthermore, at the local scale. both species
selected against perching on the ground and
in favor of perching on their most commonly
used substrate, wood for A. oxv/ophus and
rocks for A. aquaticus. However. the results
of second round simulations suggest that the
bias agamst ground is stronger than any
preference for wood or rocks. For example.
whereas ground avoidance persisted in the
analyses in which rocks were removed. the
test for rock affinity in 4. aquaticus. with
ground removed, failled to reject the null
hypothesis with only a 3% probability of
type Il error for a “large™ effect size (Cohen’s
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I = 0.8; Cohen, 1988; Table 3). In this
species, a propensity to avoid the ground,
rather than to seek out rocks, probably
explains its selection of substrates at the
local scale. In A. oxyloplus, the strength of
ground avoidance bias relative to wood
affinity is less clear, as second round tests
for wood affinity had substantially less
power to detect statistical significance (Table
3). In general, the post hoc power of tests for
substrate selection varied because of differ-
ences in lizard sample size and stream-
specific substrate availabilities. Regardless,
at the local scale, both species select strongly
against perching on the ground.

In both A. oxylophus and A. aquaticus,
substrate selection biases at the local scale
appear to contradict selection biases (or lack
of biases, in the case of 4. oxylophus) at the
stream scale. In A. aquaticus, ground avoid-
ance appears stronger than rock affinity at
the local scale, yet at the stream scale, there
is only a signal for rock affinity. Anolis
oxylophus similarly exhibits strong ground
avoidance at the local scale and no ground
avoldance at the stream scale. However, a
population may exhibit different habitat
selection biases at different spatial scales if
the factors that influence individual choice at
these scales are different (Johnson, 1980;
Levin, 1992; Mayor et al., 2009). Therefore,
the apparent contradictions in selection
biases across scales are actually not contra-
dictory. Rather, they are suggestions that the
mechanistic drivers of substrate selection at
these scales are probably different and
deserving of further investigation. There are
several possibilities.

First, lizard distribution throughout a
stream may be driven by differences in water
flow. In a previous study of A. aquaticus
living near a stream with both high-flow and
low-flow segments, lizards perched near calm
water more often than expected (Eifler and
Eifler, 2010). Objects sitting in a stream, such
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as rocks and logs, slow the flow of incoming
water. Thus the positive correlation between
rock availability and number of A. aquaticus
in the current study may actually reflect an
affinity for low flow areas as opposed to an
affinity for rocks per se, perhaps because
lizards can escape threats more easily
through less turbulent waters.

Second, some anoles actively select micro-
habitats to stay within a certain range of
body temperatures (Hertz, 1992), either with
(Hertz et al., 1994) or without (Vitt et al.
2001) using light intensity as a cue. Anec-
dotal evidence indicates that A. oxylophus
actively seeks out shade (Savage, 2002).
Shaded areas are likely to have a high
availability of upright woody perches that
support canopy cover, but sunny areas may
also have high wood availability in the form
of fallen logs and branches, potentially
explaining the lack of correlation between
wood availability and stream-wide spatial
distribution in this species.

Third, patterns of habitat use in 4. oxy-
lophus and A. aquaticus may be partly driven
by other characteristics of structural micro-
habitat besides substrate type, such as perch
height and perch width, which together
describe the primary niche axis for diversifi-
cation 1n West Indian ecomorphs (Williams,
1972, 1983). The clearest substrate selection
bias detected in this study i1s ground avoid-
ance at the local scale for both species.
However, because ground 1s by definition at
a perch height of zero, A. oxylophus and A.
aquaticus may avoid the ground to circum-
vent a particular substrate (e.g. sand or mud)
or elevate their perch height irrespective of
substrate. The latter is more likely for two
reasons. First, almost all anoles survey their
surroundings from elevated perches, even
though the ground i1s a widely available
substrate (reviewed in Losos, 2009). Second,
in this study, leaves were available for
perching both on the ground and on elevated
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branches. The former were classified as part
of “ground,” whereas the latter were classified
as “leaves.” Additional analyses revealed that
neither A. oxylophus nor A. aquaticus exhib-
ited a selection bias for elevated leaves relative
to their local availability in this study (two-
tailed test, P > 0.05 for all three streams).
Thus these lizards do not appear to avoid
leafy substrates per se, but they still avoid
ground which is sometimes covered in leaves,
further suggesting that ground avoidance is
more likely due to perch height elevation than
to circumvention of a particular substrate.
Regardless of what drives substrate selec-
tion in these species, selection biases at both
the stream scale and local scale, along with
substrate availability, all contribute to mi-
crohabitat specialization in 4. oxyloplus and
A. aquaticus. Surface area for perching in all
streams was dominated by the ground, but
both species selectively avoided the ground
relative to its local availability and perched
instead on elevated substrates. These elevat-
ed substrates were different depending on the
stream—predominantly wood for A. oxy-
lophus and rocks for A. aquaticus. In A.
aquaticus, the tendency for more individuals
to inhabit stream segments with the highest
availability of boulders and rock walls
further increases their exposure to rocky
surfaces. This may partly explain why A.
aquaticus has claw and limb morphology
specialized for locomotion on rocks, whereas
A. oxylophus is more similar to other Central
American semiaquatic anoles A. /ionotus and
A. poecilopus, which appear to be stream side
substrate generalists (Munoz et al., 2015).
As 1s true with several West Indian species
(Mattingly and Jayne, 2004; Johnson et al.,
2006), both substrate availability and lizard
substrate sclectivity appear to contribute to
microhabitat specialization in A. oxyviophis
and A. aquaticus. Future work should
evaluate these forces in other mainland
anoles, particularly the other Central Amer-
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ican semiaquatic anoles Anolis poecilopus and
Auolis lionotus. These species are closely
related to A. oxylophus and thus together
may represent a single evolutionary transi-
tion to a semiaquatic lifestyle (Nicholson et
al., 2005). Additionally, why semiaquatic
anoles are abundant in some streams and
not others has yet to be investigated,
although differences in predation pressure
likely play a role (Vitt et al., 1995). As
population density changes, patterns of
habitat selection are likely to change as well
(Greene and Stamps, 2001). Lastly, anoles
are an excellent system for studying if and
how substrate selectivity changes during
particular activitics or bechaviors. Several
species are known to engage in different
behaviors at different perch heights (An-
drews, 1971: Paterson, 1999; Kamath et al.
2013), suggesting that patterns of substrate
selectivity may change depending on whether
an animal is foraging, displaying, or merely
scanning 1ts surroundings. Longer and re-
peated observations of individuals, combined
with measures of substrate availability, may
reveal complex interactions between habitat
structure and adaptive behaviors.

ACKNOWLEDGMENTS

This study was conducted during the
graduate Field Ecology course offered by
the Organization for Tropical Studies. Spe-
cial thanks to W. Eldridge, A. Vincent, and
S. Whitfield for their advice and inspiration.
I thank W. Eldridge, S. Prado-Irwin. M.
Prager, A. Rojas, and E. Young for their
assistance 1n the field. 1 also thank several
members of the Losos lab and an anony-
mous reviewer lor providing comments that
improved the manuscript.

LITERATURE CITED

Andrews, R. M. 1971. Structural habitat and time
budget of a tropical Anolis izard. Ecology 52: 262-
270.



12

Campbell, H. W. 1973. Ecological observations on
Anolis lionotus and  Anolis poecilopus (Reptilia,
Sauria) in Panama. American Musemn of Natural
History Novitates 256: 1-29.

Cartmill, M. 1974. Pads and claws in arboreal locomo-
tion, Pp. 45-83 in: F. A. Jenkins, editor. Primate
Loconotion. New York: Academic Press.

Cartmill, M. 1985. Climbing, Pp. 73-88 in: M.
Hildebrand, D. M. Bramble, K. F. Liem, and D.
B. Wake, editors. Functional Vertebrate Morplolo-
gy. Cambridge, Massacusetts: The Belknap Press.

Cohen, J. 1988. Statistical Power Analysis for the
Behavioral Sciences. 2nd ed. Hillsdale, New Jersey:
Lawrence Earlbaum Associates.

Eifler, D. A., and M. A. Eifler. 2010. Use of habitat by
the semiaquatic lizard, Norops aquaticus. The
Soutliwestern Naturalist 55: 466-469.

Fitch, H. S. 1973. A field study of Costa Rican lizards.
Estudio de campo de las lagartijas costarricenses.
The University of Kansas Science Bulletin 50: 39—
126.

Greene, C. M., and J. A. Stamps. 2001. Habitat selection
at low population densities. Ecology 82: 2091-2100.

Hermann, N. C. 2016. SemiaquaticAnoles [Internet].
GitHub; [cited 2016 Aug 19]. Available from: http://
github.com/NCHermann/SemiaquaticAnoles

Hertz, P. E. 1992. Temperature regulation in Puerto
Rican Anolis lizards: a field test using null
hypotheses. Ecology 73: 1405-1417.

Hertz, P. E., L. J. Fleishman, and C. Armsby. 1994. The
influence of light intensity and temperature on
microhabitat selection in two Awnolis lizards. Func-
tional Ecology 8: 720-729.

Holm, S. 1979. A simple sequentially rejective multiple
test procedure. Scandinavian Journal of Statistics 6:
65-70.

Irschick, D. J., and J. B. Losos. (1999). Do lizards avoid
habitats in which performance is submaximal? The
relationship between sprinting capabilities and
structural habitat use in Caribbean anoles. Tle
American Naturalist 154: 293-305.

Johnson, D. H. 1980. The comparison of usage and
availability measurements for evaluating resource
preference. Ecology 61: 65-71.

Johnson., M. A., R. Kirby, S. Wang, and J. B. Losos.
2006. What drives variation in habitat use by Anolis
lizards: habitat availability or selectivity? Canadian
Journal of Zoology 84: 877-886.

Kamath, A., Y. E. Stuart, and T. S. Campbell. 2013.
Behavioral partitioning by the native lizard Anolis
carolinensis in the presence and absence of the
invasive Anolis sagrei in Florida. Breviora 535: 1—
10.

2 BREVIORA

No. 555

Kelley, K. C., S. J. Arnold, and J. Gladstone. 1997. The
effects of substrate and vertebral number on
locomotion in the garter snake Tliamnophis elegans.
Functional Ecology 11: 189—198.

Kolbe, J. J., A. C. Battles, and K. J. Avilés-Rodriguez.
2016. City slickers: poor performance does not
deter Anolis lizards from using artificial substrates
in human-modified habitats. Functional Ecology 30:
1418-1429.

Lammers, A. R. 2007. Locomotor kinetics on sloped
arboreal and terrestrial substrates in a small
quadrupedal mammal. Zoology 110: 93-103.

Leal, M., A. K. Knox, and J. B. Losos. 2002. Lack of
convergence in aquatic Anolis lizards. Evolution 56:
785-791.

Lemelin, P., and D. Schmitt. 2007. Origins of grasping
and locomotor adaptations in primates: compara-
tive and experimental approaches using an opos-
sum model, Pp. 329-380 in: M. J. Ravosa and M.
Dagosto, editors. Primate Origins: Adaptations and
Evolution. New York, NY: Springer.

Levin, S. A. 1992. The problem of pattern and scale in
ecology: the Robert H. MacArthur Award Lecture.
Ecology 73: 1943-1967.

Losos, J. B. 2009. Lizards in an Evolutionary Tree:
Ecology and Adaptive Radiation of Anoles. Berkeley,
CA: University of California Press.

Losos, J. B., and B. Sinervo. 1989. The effects of
morphology and perch diameter on sprint perfor-
mance of Anolis lizards. Journal of Experimental
Biology 145: 23-30.

Mabhler, D. L., T. Ingram, L. J. Revell, and J. B. Losos.
2013. Exceptional convergence on the macroevolu-
tionary landscape in island lizard radiations.
Science 341: 292-295.

Manly, B. F. L., L. McDonald, D. Thomas, T. L.
McDonald, and W. P. Erickson. 2007. Resource
Selection by Animals.: Statistical Design and Anal-
ysis for Field Studies. Second edition. New York,
NY: Kluwer Press.

Mattingly, W. B., and B. C. Jayne. 2004. Resource use in
arboreal habitats: structure affects locomotion of
four ecomorphs of Anolis lizards. Ecology 85: 1111—
1124.

Mayor, S. J., D. C. Schneider, J. A. Schaefer, and S. P.
Mahoney. 2009. Habitat selection at multiple
scales. Ecoscience 16: 238-247.

Meyer, J. R. 1968. Distribution and variation of the
Mexican lizard, Anolis barkeri Schmidt (Iguanidae).
with redescription of the species. Copeia 1968; 89—
95.

Munoz, M. M., K. E. Crandell, S. C. Campbell-Staton,
K. Fenstermacher, H. K. Frank. P. Van Middles-
worth, M. Sasa, J. B. Losos., and A. Herrel. 2015.



2017

Multiple paths to aquatic specialisation in four
species of Central American Anolis lizards. Journal
of Natural History 49: 1717-1730.

Nicholson, K. E., R. E. Glor, J. J. Kolbe, A. Larson. S.
B. Hedges, and J. B. Losos. 2005. Mainland
colonization by island lizards. Journal of Biogeog-
raply 32: 929-938.

Paterson, A. V. 1999. Effects of prey availability on
perch height of female bark anoles, Anolis distichus.
Herpetologica 55: 242-247.

Pounds, J. A. 1988. Ecomorphology, locomotion, and
microhabitat structure: patterns in a tropical
mainland Awnolis community. Ecological Mono-
graphs 58: 299-320.

R Development Core Team (2015). R: a language and
environment for statistical computing [Internet].
Vienna (Austria), R Foundation for Statistical
Computing; [cited 201X MON X]. Available from:
URL http://www.R-project.org. (accessed October
15, 2015).

Savage, J. M. 2002. The Amphibians and Reptiles of
Costa Rica: A Herpetofauna between Two Conti-
nenis, between Two Seas. Chicago. IL: University of
Chicago Press.

Schoener, T. W. 1975. Presence and absence of habitat
shift in some widespread lizard species. Ecological
Monographs 45: 233-258.

Tulli, M. J., V. Abdala, and F. B. Cruz. 2012. Effects of
different substrates on the sprint performance of
lizards. Journal of Experimental Biology 215: 774~
784.

MICROHABITAT SPECIALIZATION IN TWO SEMIAQUATIC ANOLES 13

Vanhooydonck, B., and R. Van Damme. 2001. Evolu-
tionary trade-offs in locomotor capacities in lacer-
tid lizards: are splendid sprinters clumsy climbers?
Journal of Evolutionary Biology 14: 46--54.

Vanhooydonck. B., A. Andronescu, A. Herrel, and D. J.
Irschick. 2005. Effects of substrate structure on
speed and acceleration capacity in climbing geckos.
Biological Journal of the Linnean Society 85: 385
393.

Vitt, L. J., P. A. Zani, and R. D. Durtsche. 1995.
Ecology of the lizard Norops oxylophus (Polychro-
tidae) in lowland forest of southeastern Nicaragua.
Canadian Journal of Zoology 73: 1918 1927.

vitt, L. J., S. S. Sartorius, T. C. S. Avila-Pires, M. C.
Esposito, and W. L. Montgomery. 2001. Life on the
leaf litter: the ecology of Anolis nitens tandai in the
Brazilian Amazon. Copeia 2001: 401-412.

Williams, E. E. 1972. The origin of faunas. Evolution of
lizard congeners in a complex island fauna: a trial
analysis, Pp. 47-89 in: Evolutionary Biology. New
York, NY: Springer.

Williams, E. E. 1983. Ecomorphs, faunas, island size,
and diverse end points in island radiations of
Anolis, Pp. 326-370 in: R. B. Huey, E. R. Pianka,
and T. W. Schoener, editors. Lizard Ecology:
Studies of a Model Organisin. Cambridge. Massa-
chusetts: Harvard University Press.

Zani, P. A. 2000. The comparative evolution of lizard
claw and toe morphology and clinging perfor-
mance. Journal of Evolutionary Biology 13: 316-
325.



